
Appendix A

A.1 Review of AC Power Fundamentals

Steady-state AC circuit analysis is conveniently performed in the phasor domain. A
sinusoidal voltage in the time domain can be written as

v(t) = vmax cos (ωt + θv) (A.1)

where vmax is the voltage amplitude; ω is the frequency, in radians per second; and
θv is the phase angle in radians. When v(t) is transformed into the phasor domain,
it becomes

v(t) ↔ V = |V |� θv = vmax√
2

� θv = VRMS � θv (A.2)

where VRMS is the RMS value of the voltage. The phasor transform can also be
applied to a sinusoidal current i(t) so that

i(t) = imax cos (ωt + θi) ↔ I = |I|� θi = imax√
2

� θi = IRMS � θi. (A.3)

Note that the frequency of the voltage or current is not explicitly shown in the phasor
representation. A circuit can only be analyzed in the phasor domain if the voltages
and currents are sinusoidal and have the same frequency. Let the angle difference
between the voltage and current be

θ = θv − θi. (A.4)

The angle θ is known as the power factor angle. The power factor PF is defined as

PF = cos (θ) . (A.5)
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When θ < 0, the power factor is “leading” and when θ > 0 the power factor is
“lagging.” Lagging power factor is associated with inductive loads, such as motors,
whereas leading power factor is associated with capacitive loads. The voltage and
current are related to the impedance Z as

V = IZ (A.6)

where Z = R + jX �.
The instantaneous power of a circuit element at time t is the product of the time-

domain voltage and current at time t .

p(t) = v(t)i(t) = vmaximax cos (ωt + θv) cos (ωt + θi) (A.7)

The average power, also called the “real” power P , is the average of the instanta-
neous power. It can be shown that

P = vmaximax

2
cos θ = |V ||I| cos θ. (A.8)

The apparent (complex) power S is defined as

S = V I∗ = P + jQ (A.9)

where ∗ is the complex conjugate operator, j is
√−1 and Q is the reactive or

imaginary power. The complex power and reactive power are commonly expressed
with units of volt-amperes (VA) and volt-amperes reactive (VAR), respectively. The
relationship between S, P, Q, and θ are

P = Re{V I∗} = Re{S} = |S| cos (θ) = |V ||I| cos (θ) = |S| × PF (A.10)

Q = Im{V I∗} = Im{S} = |S| sin (θ) = |V ||I| sin (θ) (A.11)

A.2 Three-Phase Analysis

A balanced three-phase source consists of three voltage sources whose RMS values
Vφ are all the same and have the following relationships:

va(t) = √
2Vφ cos (ωt) ↔ Va = Vφ

� 0◦ (A.12)

vb(t) = √
2Vφ cos (ωt − 120◦) ↔ Vb = Vφ

� − 120◦ (A.13)

vc(t) = √
2Vφ cos (ωt + 120◦) ↔ Vc = Vφ

� 120◦ (A.14)
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Fig. A.1 A balanced three-phase wye-circuit

That is, the sources are of the same magnitude and are displaced in phase by 120◦.
The voltage sources can be arranged as a wye or a delta. We will consider a wye-
connected source; the fundamental results also apply to delta-connected circuits. A
wye-connected circuit is shown in Fig. A.1. Note that common point of connection
is known as the “neutral” point and is marked with an “n.” The voltages Va, Vb, and
Vc are known as the “line-to-neutral” voltages. The voltages Vab, Vbc, and Vca are
known as the “line-to-line” voltages.

In this book, we are mostly concerned with converting between the magnitude
of the line-to-line voltage V�� and the magnitude of the line-to-neutral voltage Vφ .
The line-to-line voltage is the voltage between any two lines. For a wye-connected
source

Vab = Van − Vbn = √
3Vφ

� 30◦ = V��
� 30◦ (A.15)

Vbc = Vbn − Vcn = √
3Vφ

� − 90◦ = V��
� − 90◦ (A.16)

Vca = Vcn − Van = √
3Vφ

� 150◦ = V��
� 150◦. (A.17)

From this we see that the line-to-line voltage magnitude V�� is equal to the line-to-
neutral voltage Vφ multiplied by a factor of

√
3. That is

V�� = √
3Vφ. (A.18)

A three-phase load is said to be balanced if the line-to-neutral impedances are equal.
In this case, the phase currents have the same magnitude Iφ and are displaced from
one another by 120◦:

Ia � θi,a = Ib � θi,a − 120◦ = Ic � θi,a + 120◦ (A.19)

Iφ = |Ia| = |Ib| = |Ic|. (A.20)
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Fig. A.2 Equivalent
per-phase circuit of a
three-phase wye-connected
circuit

By symmetry, each phase supplies the same power:

Sφ = VanI
∗
a = VbnI

∗
b = VcnI

∗
c (A.21)

where Sφ is the power supplied or consumed by any single phase. The total apparent
power is the sum of the power delivered by each phase:

Stotal = 3VanI
∗
a = VφI

∗
φ (A.22)

and

Ptotal = 3Re{VanI
∗
a } (A.23)

Qtotal = 3Im{VanI
∗
a }. (A.24)

We can therefore model any balanced three-phase circuit as a single-phase or “per-
phase” equivalent circuit as shown in Fig. A.2. We use the line-to-neutral voltage in
this circuit, and we must remember to apply a factor of three if we are interested in
the total power. It is customary to use a-phase quantities, but this is arbitrary.



Solutions

Problems of Chap. 1

1.1 1 TOE; 1 MWh; 100 kWh; 10,000 calories; 5000 J; 1 Calorie; 1 BTU

1.3 3.4 days; US$0.294

1.7 18 panels (rounding up)

1.8 SSA: 454,666 GWh; USA: 4,069,400 GWh.

Problems of Chap. 2

2.1 851.67 l/yr

2.2 1481.4 Wh/day; 540.7 kWh/year

2.11 Tier 3

Problems of Chap. 3

3.1 69.47 A

3.4 Ababju: infrastructure cost US$600,500; cost per connection US$1201.0

3.5 Ababju: annual cost per connection US$63.97
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Problems of Chap. 4

4.3 101.34� − 76.5◦A

Problems of Chap. 5

5.2 112.68� − 23.44◦V; 11.8 kVA

5.4 One 50 kW gen set: US$148,263

5.7 9900 MJ/day

Problems of Chap. 6

6.1 3.90 m

6.5 45 m: for 1 kW 2.67 l/s, for 5 kW 13.3 l/s, for 10 kW 26.7 l/s

6.6 Location A: specific speed 4.37, Kaplan Turbine

6.7 PCD: 0.185 m; jet diameter: 0.011 m

Problems of Chap. 7

7.1 Cell Temperature: 56◦C. short-circuit current: 9.61 A; open-circuit voltage:
43.17 V, maximum power: 308.77 W. short-circuit current at 500 W/m2: 4.745 A.
power produced: 217.77 W

7.4 Array short-circuit current: 30.28 A; array open-circuit voltage: 171.98 V; array
power: 3685.3 W

Problems of Chap. 8

8.1 5 moles: 49.952 V

8.4 Current and C-rate at 72 hour rate: 5.47 A, 0.0139C

8.6 47.24 h

8.9 11 h, 63.36 kWh
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Problems of Chap. 9

9.1 0.414 (41.4%)

9.3 Duty cycle: 0.6055; PV current: 9.081 A; MPPT current: 5.916 A

9.6 Power to battery: 0.487 kW; average DC voltage: 58.07 V; average DC current
47.80 A

9.10 I = 4.06� − 2.93◦A; real power 1.266 kW; reactive power: 67.79 VAR

Problems of Chap. 10

10.3 Charge controller current: 40.83 A; PV power: 610.4 W

10.7 Battery voltage: 58.40 V; diversion load current: 2 A; charge controller current:
0 A

10.8 Gen set 1 power:57.2 kW; gen set 2 power: 52.8 kW; frequency: 59.91 Hz
(both gen sets)

Problems of Chap. 11

11.3 User A: 140 Wh/day, load factor: 0.194

11.8 Capacity factor at 20 l/s: 1.00 (summer), 1.00 (winter); capacity factor at 30
l/s: 0.70 (summer), 1.00 (winter)

Problems of Chap. 12

12.9 Voltage drop segment 1: 12.375 V; segment 2: 8.500 V; segment 3: 4.125 V.
power loss segment 1: 371.25 W; segment 2: 170 W; segment 3: 41.25 W

12.12 US$0.350/kWh

Problems of Chap. 13

13.5 14.06 Ah



Index

A
absorption stage charging, 313, 317, 320
AC coupling, 88
AC–DC coupling, 88, 89
active material, 216
All Aluminum Alloy Conductor, 63
Aluminum Conductor Steel Reinforced, 63
ampacity, 62
amphour, 234
anaerobic digestion, 126, 133
animal dung, 21, 25, 32
Annual Growth Rate, 38
anode, 215
automatic voltage regulator, 283, 341
average daily load, 356
Average Revenue Per User, 391
AVR, see automatic voltage regulator
axial flux generator, 144
azimuth, 372

B
ballast load, 285, 334
Bangladesh, 37, 38, 40
battery

resistance, 232
alkaline, 216
charge capacity, 234
deep cycle, 217
disposable, 34
dry cell, 34
starting, lighting and ignition, 217
temperature dependence, 247

battery bank, 253
design, 401

battery charging, 310
Bernoulli’s Equation, 161
Betz Limit, 140
biogas, 123, 126, 133
biomass, 25, 86, 89, 91, 98, 103, 123, 124, 137,

183, 272, 334, 368, 379, 380, 395, 434
direct combustion, 132
resource, 124

British Thermal Unit, 8
bulk stage charging, 312, 316, 320
Burkina Faso, 37, 38, 40
Burundi, 37, 38

C
calorie, 8, 9, 466
capacity building, 463
capacity factor, 369
cathode, 215
Central African Republic, 37, 38
Chad, 37
charcoal, 25, 31
charge capacity, 234
China, 10
co-generation, 132
coincidence factor, 360
combined heat and power, 132
compression ignition, 117
conveyance system, 177
cook stove, 31
cost-reflective pricing, 79
counterfeit component, 463
crop residue, 21, 25, 32, 379
cross flow turbine, 164
cut-off voltage, 235
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cycle life, 245
cycle-charging control scheme, 335

D
Days of Autonomy, 401
DC coupling, 88, 89
DC–DC converter, 88

boost, 268
buck, 268
buck-boost, 268

deflector, 176
demand factor, 358
Democratic Republic of Congo, 37, 38
design

intuitive, 396
numerical, 413

digester, 127
diode, 187
diodes

blocking, 204
by-pass, 203

discount rate, 73
distribution

AC, 416
DC, 416
meshed, 420
overhead, 418
topologies, 420
underground , 417

distribution line
design, 56–65
nominal voltage, 57
cost, 67

distribution system, 84
distribution system design, 415
diversion load, 334
diversion load control, 319
diversity factor, 360
donated equipment, 462
droop, 343
dry cell battery, 215

E
effective head, 162
efficiency

coulombic, 244
Faraday, 244

ELC, see electronic load controller
electricity theft, 461
electrification rate, 17, 36
electrochemistry, 214, 225
electrode, 215

electrolyte, 215
electronic load controller, 93, 176, 285

binary weighted, 286
impedance control, 289

elevation head, 161
end-use system, 84
energy conversion technology, 86
energy kiosk, 15
energy ladder, 27
energy matrix, 28
energy poverty, 3, 21
energy production system, 84
energy use

education facilities, 24
households, 22
productivity, 24
health care facilities, 23

energy use, households, 34
equalizing stage charging, 314
Ethiopia, 37

F
Faraday constant, 226
flashlight, 34
float stage charging, 314, 317, 320
flow rate, 163
forebay, 177
Francis turbine, 164
fuel expenditure, 28
fuel stacking, 28, 363
fuel wood, 21, 25, 30
furling, 151

G
Galvani potential, 225
gasification, 133
gasifier, 129
gen set, 86, 91, 94–96, 103, 116, 122, 137, 272,

273, 299, 300, 334, 368, 380, 383, 395
control schemes, 335
efficiency, 119
excitation, 119
fuel consumption, 119
paralleling, 340
voltage regulation, 283

generator set, see gen set
Germany, 10
Ghana, 29, 38, 67
governor, 119, 341
grid extension, 53
Guinea, 38
Guyana, 38
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H
harmonic analysis, 265
head, 161
HOMER, 414
hub-and-spoke, 420
Human Development Index, 6, 11
human-powered generation, 466
hybrid system, 94, 301

conventional gen set/PV, 94
gen set back-up, 95
renewable, 97
switched, 95

hydrometer, 230

I
I-V curve, 190
IEEE Smart Village, 439
Ighombwe, 439
illuminance, 455
illumination current, 188
Impedance Controller, 289
improvised system, 97
impulse turbine, 164
incremental conductance, 347
India, 10, 28, 37
insolation, 183, 370
Insulated-Gate Bi-Polar Transistor, 265
internal combustion engine, 86, 103, 116
inverter, 87, 291

bi-directional, 96
design, 399
grid tied, 299
micro, 299
solar, 297
string, 298

irradiance, 186
isochronous, 343

J
joule, 8

K
Kaplan turbine, 164
Kenya, 28, 37, 38, 40, 77
kerosene, 33, 451
kerosense, 25

L
lead-acid battery

Absorbed Glass Mat, 224
electrode, 217
electrolyte, 217

flooded, 223
OPzV, 224
sealed, 224
self-discharge, 222
Valve Regulated, 224

LED, 33, 451, 454
Levelized Cost of Energy, 432
levelized cost of energy, 75

simplified, 75
Liberia, 37
liquefied petroleum gas, see LPG
lithium ion battery, 248

cycle life, 252
open-circuit voltage, 249
protection, 252
safety, 251

load estimation, 364
bottom-up approach, 364
data-driven approach, 368
regression approach, 367
survey approach, 365

Load Factor, 358
load growth, 361
load imbalance, 428
Load profile, 357
load profile, 357
load-following control scheme, 335
load-sharing, 342
Low Voltage Disconnect, 322
LPG, 21, 25
lumen, 453, 454
luminous flux, 453

M
Madagascar, 40
Malawi, 37–39
Mali, 28, 29, 38
maximum power point tracker, 151
maximum power point tracking, 345

hill-climbing method, 347
incremental conductance, 347
open-circuit method, 346
perturb & observe, 347
short-circuit method, 346

meter tampering, 461
MHP, see micro hydro power system
micro hydro power, 103, 159, 380, 395

efficiency, 178
resource, 160
turbine types, 164

micro hydro power system, 86
architecture, 93

micro inverters, 299
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micro-grid, 16
mini-grid, 16, 83
mobile money, 457
Multi-Tier Framework, 41–48

affordability attribute, 44
aggregate index, 46
availability attribute, 43
capacity attribute, 42
Consumption, 48
health & safety attribute, 45
legality attribute, 44
quality attribute, 45
reliability attribute, 44
Services, 47
Supply, 42
affordability attribute, 79

Myanmar, 37, 40

N
national grid, 16
neodymium magnet, 144
Nernst equation, 226
Niger, 37, 38, 40
Nigeria, 28, 37, 38, 40, 77, 372
Nominal Operating Cell Temperature, 197

O
oil equivalent

kilogram of, 8
tonne of, 8

operation priority scheme, 334
Osterwald’s method, 199

P
p-n junction, 187
paraffin, 33
paralleling, 340
pay-as-you-go, 456
peak load, 358
Pelton turbine, 164, 167
Pelton, Lester, 167
penstock, 177
perpetual lease, 456
perturb & observe, 347
Peukert’s Equation, 240
Peukert’s Exponent, 240
Philippines, 40
photosynthesis, 124
photovoltaic array, 86, 89, 94, 95, 97, 103, 309,

326, 334, 368
architecture, 91

shading, 202
architecture, 91
circuit model, 190
design, 406
maximum power point, 192
open-circuit voltage, 189
optimal orientation, 375
resource, 183
short-circuit current, 189
solar resource, 370
tilt, 374, 406

photovoltaic cells
mono-crystalline, 186
poly-crystalline, 186

pitch angle, 140
pitch factor, 341
Planté, Gaston, 217
polarization

activation, 230
concentration, 230
ohmic, 230

polarization curve, 230
power coefficient, 140
power curve, 152
power flow model, 328
Power MOSFET, 264
PowerGen, 439
present cost, 73
present value, 73
pressure head, 161
prime mover, 104
propeller turbine, 164
Pulse width modulation, 266
pulse width modulation, 325

sinusoidal, 292
PV, see photovoltaic array
pyranometer, 371
pyrolysis, 31

Q
quad, 8

R
Rayleigh pdf, 378
reaction, 164
rectifier, 87

phase-controlled, 283
single-phase, 274
three-phase, 276

rent-to-own, 456
reticulation, 415
RetScreen, 414
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Rural Electrification Authority, 77
Rural Electrification Master Plan, 77
Rwanda, 29, 38

S
self-discharge, 246
Senegal, 77
service connection, 66
service drop, 66
shading, 202
Sierra Leone, 37, 38
Sigora Haiti, 438
simplified LCOE, 433
simplified levelized cost of energy, see

levelized cost of energy75
single-phase, three wire, 423
single-phase, two wire, 421
solar home system, 15, 91, 447
solar lantern, 14, 91, 447
solar module, see photovoltaic array
solar panel, see photovoltaic array
solid biomass, 123
solid fuel, 21
South Sudan, 37
spark ignition, 117
spear valve, 176
specific energy, 25
specific gravity, 229
specific speed, 165
split phase, 67
split-phase, 423
Standard

IEC TS 62257, 465
IEEE 1546.4, 465

standard, 465
Standard Cell Potential, 225
standard conditions, 226
Standard Operating Conditions, 197
Standard Test Conditions, 195
sub-station

cost, 70
Sudan, 37
sulfation, 221
synchronization, 341
synchronous reactance, 111
syngas, 123, 128, 133, 380

T
Tanzania, 29, 37, 38, 77
throttling, 334, 335
Thyristor, 264

time value of money, 73
tip speed ratio, 140
Togo, 38
torch, 34
Total Harmonic Distortion, 265
tower

freestanding, 156
guyed lattice, 157
tilt-up, 157

transformer, 88
center-tapped, 67
cost, 69

trunk-and-branch, 420
turgo turbine, 164

U
Uganda, 37, 38
United States, 8
user premise equipment, 67

cost, 70

V
vaccine refrigeration, 465
velocity head, 161
Volta

Alessandro, 215
voltage drop, 60

W
watthour, 8
WECS, see wind energy conversion system
Weibull pdf, 378
wet stacking, 121
wind energy conversion system, 86, 89, 97,

103, 137, 272, 273, 334, 368, 376, 395
architecture, 93
power curve, 152
resource, 153
tower, 156
control, 151
generator, 144
open-circuit operation, 150
operating speed, 149
short-circuit operation, 150

wind turbine, see wind energy conversion
system

Z
Zambia, 8, 38, 67, 77, 439
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